The coalescence of basic biochemical reactions into compartments is a major hallmark of a living cell. Using surface-bound DNA and a transcription reaction, we investigate the conditions for boundaryfree compartmentalization. The DNA self-organizes into a dense and ordered phase with coding sequences aligned at well-defined distances and orientation relative to the surface, imposing directionality on transcription. Unique to the surface in comparison to dilute homogeneous DNA solution, the reaction slows down early, is inhibited with increased DNA density, is favorable for surface-oriented promoters, and is robust against DNA condensation. We interpret these results to suggest that macromolecules (RNA polymerase and RNA), but not solutes (ions and nucleotides), are partitioned between immobilized DNA and the reservoir. Without any physical barrier, a nonequilibrium directional DNA transaction forms macromolecular gradients that define a compartment, thus offering a boundary-free approach to the assembly of a synthetic cell.
Introduction and Motivation Cellular Compartments. The transition from dispersed homogeneous solution into cellular compartments must have been a hallmark in the generation of living systems (1) . A compartment separates self from non-self, creates a linkage between genotype and phenotype, partitions solutes and macromolecules, and optimizes conditions for biochemical reactions separated from a reservoir. Subcellular compartments may exist without physical boundaries of a membrane. For example, the bacterial genome is segregated from the cytoplasm (2) , and gene expression has been shown to be spatially resolved; ribosomes were found to be localized mainly to the periphery of the nucleoid, whereas transcription (TX) factories were mapped to interior regions (3) . Similarly, TX activity in the eukaryotic nucleus has been shown to be arranged nonrandomly, with a linkage between the position of genes in the chromosome and their expression level, implying concentration gradients and structural scaffolding of TX factors (4, 5) . Therefore, gene expression takes place in highly dense compartments of macromolecules and solutes, with order and orientation of genes, in contact with a feeding reservoir. Generally, however, our understanding of the effect of density, spatial heterogeneity, and order on gene expression has been limited by the difficulty to experimentally reproduce in vitro the crowded and compartmentalized nature of the cellular DNA environment.
The Synthetic DNA Brush. We propose an in vitro methodology to emulate gene expression in a boundary-free compartment. The approach is based on a photolithographic biochip for fabricating dense phases of surface-bound DNA, thus forming DNA brushes (6) (7) (8) . In general, brushes are formed when end-attached linear polymers collectively stretch because of excluded volume interaction when packed to distances at which there is significant overlap between neighboring molecules (9) . We have been able to pack 2,000-bp DNA down to a mean of 30 nm between neighboring molecules, amounting to a few Mbp∕μm 3 on the surface, just as the dense cytoplasm of Escherichia coli. These DNA brushes are on the order of ∼14 persistence lengths, an intermediate regime between rod-like molecules and statistical polymers. Both dilute and dense brushes can be fabricated, from 20 to 1,000 DNAs per μm 2 .
The dense brush creates order because sequences align along hoizontal layers, with well-defined mean distances and orientation relative to the surface (Fig. 1A) . We hypothesized that such a system would form a boundary-free compartment that segregates a TX reaction from the reservoir. In comparing the characteristics of TX in dilute DNA solution and in a dense brush, while varying structural and biochemical parameters, we could establish the parameters leading to compartmentalization. We chose TX by T7 RNA polymerase (RNAP) and constructed brushes of 2.1-kbp-long DNA fragments containing a promoter and a terminator, flanking a 280-bp-long DNA, thus defining a short TX unit. For each DNA brush, the distance and orientation of the unit in relation to the surface was set, as well as the overall density of the brush. Six different configurations were tested, at three different distances from the surface (Bottom, Mid, Top), and each facing either towards (IN) or away (OUT) from the surface (Fig. 1B) . The effect of DNA density and alignment on TX rate was evaluated for DNA brushes in comparison to dilute solution.
Compartmentalization of TX. We obtained results that distinguish TX in a brush from dilute solution: (i) the reaction slowed down early with no apparent nucleotide (rNTP) depletion; (ii) the brush RNAP concentration appears to be lower than in the reservoir; (iii) TX was robust against DNA condensation; (iv) TX was inhibited by increasing density with noncoding DNA; (v) TX rate was up to 5-fold higher with promoters oriented into rather than away from the surface.
We interpret these results to suggest that a DNA brush both "passively" by its high density and "actively" by the collective directional TX cycles of RNAP partitions the environment to form macromolecular gradients relative to the reservoir, thus constituting a compartment. These are gradients of macromolecules (RNAP and RNA) but not solutes (ions, rNTPs), whose magnitude could be modulated by the DNA density, promoter directionality, and length of transcript.
Results and Discussion TX Response in DNA Brushes and Bulk Solution. The essence of understanding TX in a dense brush was through measuring similarities and deviations from TX in dilute DNA solution. This comparison was done by keeping an equal number of RNAPs, DNAs, and rNTPs in the reaction volume, with immobilization of DNA being the only difference. First, the kinetics of the TX cycle in the brush and its dependence on RNAP concentration were characterized by using a dense brush with the TX unit in a Mid/IN or Mid/OUT configuration. RNA synthesis in both configurations increased linearly with time, but unlike bulk solution, slowed down after 1 hr, resulting in ∼50 nascent RNAs per DNA template ( Fig. 2A) .
Next, increasing total RNAP concentration in the solution bathing the brush resulted in a linear increase in RNA synthesis, as in solution (Fig. 2B) . However, the brush rate saturated with ∼10 μM RNAP and no apparent depletion of rNTPs even after 3 hr (SI Text). In contrast, solution rate was limited by rNTPs depletion after 10 min and with over 1 μM RNAP (SI Text). Overall, the solution rate was ∼10-fold higher than the brush rate. The observation that TX slowed down after 1 hr and its rate saturated for ∼10 μM total RNAP makes a clear distinction between TX on a surface and in bulk.
The halting of TX after 1 hr ( Fig. 2A) could be a result of local rNTP depletion or product inhibition by accumulation of PP i or nascent RNA. In what follows, we measure the TX salt dependence, which provides biochemical evidence disfavoring gradients of small solute molecules. Hence, RNA accumulation is likely the cause for TX slowing down. However, direct measurement of RNAP and nascent RNA concentrations in the brush is beyond the scope of this work.
The reduced rate in the brush and TX saturation with RNAP concentration (Fig. 2) , without overall rNTP depletion (SI Text), suggests that RNAP concentration in the brush was lower than in the solution bathing it. Taken together, we hypothesize that macromolecule concentrations in the brush differ from bulk solution. In this scenario, a gradient of RNAP is formed by the entropic exclusion of macromolecules from the dense brush, partitioning the reservoir from the brush with a different local RNAP concentration.
Equivalent Salt Dependence of TX in Brush and Solution. We evaluated whether the saturation levels observed in the TX rate within the DNA brush in comparison to dilute solution was because of changes in ion distribution in the brush, which may affect protein-DNA interactions. A priori, we do not expect any ion partitioning for the salt concentration used in TX. For polyelectrolyte brushes, it is accepted that polymer counterions remain in the brush in the absence of salt. Addition of salt homogenizes this charge separation above a salt concentration determined by the polymer charge density (10) . For our dense DNA brushes we estimate a cutoff at ∼5-10 mM salt, below which counterions remain in the brush. Nevertheless, it was not evident whether TX changes the ionic balance, and we hence monitored the response of TX to variations in monovalent salt concentrations, NaCl, from 10 to 200 mM. The ionic strength was computed by taking into account all ionic species in the reaction (Methods). All experiments described henceforth were done with 2 μM RNAP and 30 min reaction time (prior to saturation).
For DNA in dilute solution as a reference, the TX rate followed a typical bell-shape dependence on salt, with a maximum around 140 mM ionic strength (Fig. 3A) , in accordance with in vivo values. This salt dependency is a manifestation of the electrostatic contribution typical to the binding interaction between two charged macromolecules (11, 12) . At low salt, electrostatic interactions along the DNA prevail and RNAP mostly binds to nonspecific sites other than the promoter, resulting in a majority of transcriptionally inactive complexes (13, 14) . Increasing salt screens electrostatic interactions, stabilizing the specific RNAP-promoter complex. Further increase in salt destabilizes the RNAP-promoter complex. In the DNA brush, constructed in all IN configurations, the TX rate had a characteristic peak as a function of salt (Fig. 3B) , whose shape and optimal ionic strength were identical to dilute DNA solution. This remarkable similarity to dilute solution strongly suggests that RNAP-DNA affinity is unaltered in the brush and is evidence for the claim of an insignificant change in the local concentration of monoand divalent ions, rNTPs, and PP i products at all distances from the surface.
Perturbing TX by DNA Crowding and Condensation. To further explore the differences between TX in solution and brush, we perturbed the reaction by adding PEG, which is known to induce a marked effect on the stability of protein-DNA complexes at high ionic strength because of excluded volume (15) (16) (17) (18) . Indeed, the addition of 12.5% PEG 20,000 had the expected effect on solution TX by shifting the peak to 200 mM ionic strength with a 2-fold increase in magnitude of the maximal rate and broadening of the peak (Fig. 3A) , as previously observed for other DNA transactions (19) . In the brush, PEG induced an identical shift and broadening to higher ionic strength, which implies that PEG penetrates the brush and stabilizes RNAP-DNA interaction (at high salt) as in solution (Fig. 3C ). Yet, the maximal TX rate was lower by 5-fold as compared to an unperturbed brush.
Next, we perturbed the solution reaction by adding 2 mM spermidine, a trivalent positive counterion and a known DNA condensing agent (20) . This perturbation dramatically increased the TX rate at low salt, resulting in a monotonically decaying response function from 60 to 270 mM ionic strength, which overlapped with unperturbed DNA response above 150 mM (Fig. 3A) . Whereas PEG stabilizes RNAP-DNA interaction at high salt, spermidine does so at low salt. Apparently, unscreened electrostatic interactions (at low salt) facilitate promoter binding in the condensed bundled form.
In drastic contrast to its marked effect in solution, the addition of spermidine resulted in a negligible shift of the peak to 130 mM ionic strength (Fig. 3D) , with Top/IN, Mid/IN, and Bottom/IN giving identical responses (up to a numerical factor). Structurally, we deduce that immobilized DNA cannot be condensed to the same extent as spermidine-induced DNA bundling in solution. We then tested Top/OUT, assuming that if RNA is released directly to the reservoir, the response would resemble that of dilute DNA solution (Fig. 3A) . However, for Top/OUT the salt response was identical to other configurations, suggesting that the brush is robust to the addition of spermidine along its entire height. In contrast to the addition of both PEG and spermidine to DNA in solution, which gave an intermediate response to salt with a peak at 170 mM ionic strength (Fig. 3A) , the brush maintained its robustness to spermidine, following a PEG-only response (Fig. 3C ). This robustness is another feature of the brush as a compartment, one in which the response to perturbation is markedly different than in solution.
DNA Brush Density Has Inhibitory Effect on TX. The results of the kinetics and RNAP concentration experiment (Fig. 2) were consistent with a scenario in which RNAP is depleted because of excluded volume. If so, the extent of exclusion would increase with DNA brush density. We tested this notion by constructing Mid/IN brushes with an increasing number of promotercontaining DNA (coding DNA) at a fixed surface area ( Fig. 4A  and B) , resulting in brushes with increasing density. Similarly to our previous results obtained with an ∼1800-bp-long luciferase gene (7), the TX rate per promoter (efficiency) was roughly constant at low densities and diminished at high density (Fig. 4C) . To decouple the effect of density, we repeated the experiment by supplementing promoter-containing DNA with DNA of equal length but lacking the promoter (noncoding DNA), obtaining fixed high-density brushes of mixed DNA (Fig. 4B) . In these brushes, the TX efficiency was constant (Fig. 4C) .
To appreciate the effect of noncoding DNA in the brush, we note that the TX rate in dilute solution was unaffected with up to 50-fold noncoding over coding DNA (SI Text). In contrast, for every density of coding DNA the rate was always higher than that of the corresponding mixed DNA brush with the same number of promoters (Fig. 4C) . This difference implies that noncoding DNA, while building up overall brush density, reduced TX rate. We ruled out the possibility for an inhomogeneous ion distribution in a dense brush (Fig. 3) , and hence the most likely explanation for the reduced rate is exclusion of RNAP in a density-dependent manner.
Orientation of TX Within a Brush. The coding/noncoding DNA experiments (Fig. 4) led us to conclude that the efficiency of TX depends only on total DNA density and not on promoter density. Because these experiments were conducted with Mid/IN brushes only, we tested whether the TX rate, and hence RNAP gradient, could be modulated by promoter positioning and orientation relative to the surface in highly dense coding-only DNA brush configurations. With DNA in dilute solution, the TX rate was identical for all six configurations (Fig. 1B) . In contrast, TX rates in the brush configurations were significantly different (Fig. 5A) , highlighting the effect of orientation. Interestingly, TX from IN was always higher than OUT, for all distances from the surface. The addition of spermidine accentuated the IN/OUT ratio, creating a hierarchy along the brush, from 3.3-fold at the bottom to 1.5-fold at the top (Fig. 5B) . This result for 280-base transcript is supported by our previous measurement of a 5-fold IN/ OUT ratio with 1,800-base transcript in the presence of spermidine (7). Thus, fine-tuning of the TX rate could be achieved merely by changing the direction of TX or length of transcript.
In conclusion, we propose that alignment of promoters and terminators all in the same direction and distance from the surface produces a sink and source, respectively, for RNAP. Unlike the "passive" exclusion of RNAP from the brush that would occur even without a TX cycle, a local gradient forms because of the active nonequilibrium collective process, driven by rNTP hydrolysis and whose magnitude increases with transcript length. In an IN configuration the active gradient formed between the sink (promoter) and source (terminator) opposes the direction of the passive gradient, thus increasing the relative concentration of RNAP in the brush. In an OUT configuration, the active gradient adds to the repulsive forces of the brush, resulting in a lower RNAP concentration. The formation of gradients by directional collective TX is reminiscent of directional transport of molecular motors (21-23).
Summary-A Scenario for Compartmentalization
By immobilizing DNA in a dense and ordered fashion and using it as a template for a directional polymerization reaction, we were able to observe the formation of a segregated environment with characteristically different biochemical activity than the surrounding bulk solution. In the brush, the TX rate was sensitive to the density of the brush, robust to DNA condensation, and responsive to the position and direction of the promoter, as well as transcript length.
We propose that RNAP concentration in the brush is dictated by two processes: (i) RNAP is excluded from the brush to an extent determined by brush density. In the absence of active TX, DNA density partitions freely diffusing macromolecules.
(ii) The directional nonequilibrium TX cycle forms a concentration gradient within the brush at a layer defined by the position, orientation, and length of the TX unit.
The apparent termination of TX after 1 hr in the brush is intriguing and yet to be explained. With a TX rate of ∼1-5 RNA per minute for each DNA template, there are 50 newly synthesized transcripts per immobilized DNA after 1 hr. Accumulation of RNA in the brush could conceivably impede TX by further excluding RNAP. If so, it raises the possibility of a boundary-free spatial linkage between the genotype (immobilized DNA) and phenotype (RNA) in the brush. The determination of local concentration of macromolecules in the brush will resolve this issue.
The effect of DNA density and order on a directional DNA transaction in a synthetic DNA brush raises the questions of whether similar active compartmentalization takes places inside cells and whether gene expression is modulated by these physical consequences. Toward the construction of a synthetic cell we hypothesize that several patterned directional reaction centers on surfaces, each specifying a distinct biochemical activity, could form an interacting network of activities responding to gradients of concentrations according to their direction and spatial localization, all in the absence of a physical barrier.
Methods
Biochip Fabrication, DNA Immobilization, and Surface Quantification.
DNA immobilization was performed as described in refs. 6-8. Briefly, a glass support is coated with a monolayer of a synthesized hybrid molecule comprised of a chain of PEG backbone with a silicon dioxide binding group at one end and a photolabile-protected amine at the other end. The amines are locally deprotected by exposing the biochip to UV light at designated areas. Subsequently, biotin is chemically bound to the exposed amines. Biotinylated DNA is then conjugated to surface biotin through streptavidin. The DNA density can be controlled by tuning the UV flux to deprotect only a fraction of the amines or by the solution concentration of DNA. To quantify the amount of DNA on the surface, the DNA was synthesized with a fluorophore at its 5′ end distal to the surface. Surfaces modified with DNA were scanned by using a FLA-5100 scanner (FUJI), as described in ref. 8 .
TX Assay in Solution. Reactions were incubated at 30°C with 0.1-1.0 nM PCR fragment in TX buffer: 40 mM Tris HCl pH 7.9, 6 mM MgCl 2 , 2 mM DTT, 100 mM NaCl, 0.5 mM rATP, rGTP, and rCTP, 0.25 mM rUTP, and a negligible amount of P 32 -α-rUTP (NEN), in final volume of 10 μL. Where noted, addition of 2 mM spermidine was followed by a reduction of the NaCl concentration to 50 mM, for which maximal activity was obtained. The ionic strength was varied with 10-200 mM NaCl, calculated according to
i , where C i and Z i are the concentration and valence, respectively, of the buffer constituents. Reactions were initiated by the addition of T7 RNAP (Promega) to a final concentration of 2 μM unless specified otherwise, stopped with the addition of 2.5 μL 5× stop solution to a final concentration of 0.2% SDS/ 20 mM EDTA, and placed immediately on ice. RNA was resolved from precursor rNTPs by spotting 1 μL of the stopped reaction on a polyethyleneimine cellulose TLC plate (Merck). The TLC was developed in 0.3 M potassium phosphate, pH ¼ 7.0, dried, and imaged by using a FLA-5100 scanner (FUJI). RNA (spot at the TLC origin) and unincorporated rNTPs were quantified by using the software ImageGauge (FUJI) (SI Text). Where noted, 12.5% of PEG 20,000 was added.
TX in a DNA Brush. Reaction mix (10 μL) containing RNAP, NTPs, and buffer as in solution TX but lacking DNA was applied to a 3-mm-diameter chamber containing immobilized DNA. The addition of the RNAP mix to the DNA brushes initiates the TX reaction. To stop the reaction, 6 μL were removed from the reaction chamber after thorough mixing by pipetting and added to 1.5 μL of a 5× stop solution to reach final concentrations of 0.2% SDS/20 mM EDTA. Stopped reactions were placed on ice until 1 μL was removed and spotted on TLC. TLC analysis was similar to TX in solution.
rNTP Incorporation. To calculate moles of incorporated rNTPs, the fraction of incorporated rNTPs was multiplied by the total number of rUTPs and then by 4, assuming equal frequency of the four bases in the sequence. Moles of RNA transcript were calculated by taking into account the lengths of the two RNA products that are formed: one ending at the terminator and one at the end of the DNA fragment and the termination efficiency (see SI Text for a detailed calculation).
Data Analysis. For brush assembly we used glass slides, 18 × 18 mm 2 , with nine separate reaction chambers enclosed in a sample holder (6) (7) (8) . The density of DNA brushes on the same slide and duplicate slides could be fixed to within 5%. Likewise, the total area of the brush in each chamber and the effective reaction volume on a glass slide were identical up to 5% but could vary between slides because of unavoidable differences in wetting properties of the sample holders, implying minimal TX variation between chambers on a slide and duplicate slides could vary by a numerical factor of order 2. Therefore, in comparing between slides, each slide was normalized by its maximal TX value and duplicates were then averaged.
